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Duchenne muscular dystrophy (DMD) is caused by mutations in the DMD gene, making it a potential target
for gene therapy. There is, however, a scarcity of vectors that can accommodate the 14-kb DMD cDNA and
permanently genetically correct muscle tissue in vivo or proliferating myogenic progenitors in vitro for use in
autologous transplantation. Here, a dual high-capacity adenovirus–adeno-associated virus (hcAd/AAV) vector
with two full-length human dystrophin-coding sequences flanked by AAV integration-enhancing elements is
presented. These vectors are generated from input linear monomeric DNA molecules consisting of the Ad origin
of replication and packaging signal followed by the recently identified AAV DNA integration efficiency element
(p5IEE), the transgene(s) of interest, and the AAV inverted terminal repeat (ITR). After infection of producer
cells with a helper Ad vector, the Ad DNA replication machinery, in concert with the AAV ITR-dependent
dimerization, leads to the assembly of vector genomes with a tail-to-tail configuration that are efficiently
amplified and packaged into Ad capsids. These dual hcAd/AAV hybrid vectors were used to express the
dystrophin-coding sequence in rat cardiomyocytes in vitro and to restore dystrophin synthesis in the muscle
tissues of mdx mice in vivo. Introduction into human cells of chimeric genomes, which contain a structure
reminiscent of AAV proviral DNA, resulted in AAV Rep-dependent targeted DNA integration into the AAVS1
locus on chromosome 19. Dual hcAd/AAV hybrid vectors may thus be particularly useful to develop safe
treatment modalities for diseases such as DMD that rely on efficient transfer and stable expression of large
genes.

The lethal X-linked recessive disorder Duchenne muscular
dystrophy (DMD) is the most frequent inherited muscle dis-
ease affecting ca. 1 in 3,500 newborn males. DMD is a conse-
quence of mutations in the DMD gene encoding the 427-kDa
dystrophin protein. In normal myofibers, dystrophin anchors
the internal cytoskeleton to a protein complex in the plasma
membrane that is in turn connected with components of the
extracellular matrix (4). The absence of this structural link in
dystrophin-defective muscle fibers contributes to disruption of
the sarcolemma upon mechanical stress. Damaged muscle fi-
bers are transiently repaired through expansion and fusion of
resident satellite cells. After exhaustion of the satellite cell
pool, the muscle tissue is replaced by adipose and connective
tissues. Relentless progression of the disease causes affected
individuals to be wheelchair-bound at around 12 years of age
and to die generally in their early twenties because of cardiac
or respiratory muscle failure.

Although somatic gene therapy can potentially eradicate the
cause of recessive monogenetic disorders by delivering func-
tional copies of the defective genes into afflicted cells, the
genetic complementation of DMD presents unique challenges

due to the large size of the DMD mRNA (14 kb), as well as the
large volume of the muscle system. Tackling the latter hurdle
involves testing improved strategies to systemically deliver in
vivo either gene transfer vectors or cells with myogenic poten-
tial. Simultaneously, recombinant genes encoding microdystro-
phins are being constructed that aim at retaining maximum
functionality and fit within small viral gene delivery vehicles
such as adeno-associated virus (AAV) and retrovirus vectors
(45). Recent studies in transgenic mice suggest that microdys-
trophins might be effective in blocking ongoing muscle injury,
although they may not achieve complete muscle strength res-
toration (21). Moreover, the extent to which microdystrophins
rescue the dystrophic phenotype in larger animals and humans
is unknown. AAV vectors in particular are, nonetheless, prom-
ising therapeutic gene carriers because they can transduce non-
dividing cells, lack viral genes encoding immunogenic proteins,
and achieve long-term transgene expression in immunocompe-
tent animal models of human diseases such as muscular dys-
trophies (18, 21). In addition, they are based on a defective
nonpathogenic human virus that can site specifically integrate
its DNA into a defined region of the human genome (30, 43)
designated AAVS1 (29). Integration into this chromosome 19
locus depends on the interaction of the AAV Rep78 or Rep68
proteins with specific Rep-binding sites in the AAV inverted
terminal repeats (ITRs) (7, 33), in the recently identified inte-
gration efficiency element (p5IEE) (38, 39) that overlaps with
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the AAV promoter at map position 5 (p5) (33), and in the
AAVS1 locus (54). This feature of AAV biology is unique
among all known eukaryotic viruses and its exploitation
holds considerable promise for the targeted integration and
stable expression of therapeutic DNA. However, incorpora-
tion of the AAV site-specific DNA integration machinery
into conventional AAV vectors would further reduce their
already limited coding capacity thus requiring the use of
even smaller microdystrophins for DMD gene therapy,
which are unlikely to be effective. An alternative route to
DMD gene therapy is the development of improved high-
capacity adenovirus (hcAd) vectors that not only permit
delivery of the full-length DMD cDNA and thus synthesis of
completely functional dystrophin but also include genetic
elements to increase their performance. Since hcAd vectors
retain from the parental virus only the signals involved in
DNA replication and encapsidation, their amplification and
assembly relies on packaging-defective helper Ad vectors to
provide in trans nonstructural and structural proteins, re-
spectively. Importantly, hcAd vectors preserve the unsur-
passed gene transfer efficiency into dividing and nondividing
cells of their earlier generation counterparts but lack viral
genes that makes them more spacious, safer, and better
suited for prolonged transgene expression (28). These at-
tributes have been spurring a steady improvement of the
hcAd vector system (36, 44, 51). Recently, a dual hcAd
vector was generated by packaging in Ad capsids a molec-
ularly cloned tandem of two DMD cDNA expression units
containing the CAG promoter. At present, this construction
achieves the highest expression of the full-length DMD open
reading frame (ORF) in skeletal muscle of mdx mice (11,
12). However, since DNA delivered by Ad vectors usually
remains episomal, they are not suited for long-term genetic
correction of dystrophin-defective myogenic progenitor (34)
or candidate muscle stem cell populations (25, 42, 46). The
therapeutic application of these progenitors as an expand-
able source of transplantable autologous myogenic cells will
require their permanent genetic modification. This can best
be accomplished through transgene integration into host
chromosomal DNA. Preferably, the integrated DNA should
not harbor genetic elements with outward enhancer/pro-
moter activity, as present in retroviral long terminal repeats,
to avoid oncogene activation. Ideally, the integration event
should target a predefined site within the human genome to
reduce the risk of insertional mutagenesis.

We describe here a new hc virus vector system that expands
the utility of hcAd vectors by endowing them with the ability to
site specifically integrate foreign DNA and by doubling the
number of transgene copies packaged in each particle. Using
these so-called dual hcAd/AAV hybrid vectors, efficient deliv-
ery and expression of the full-length human dystrophin-coding
sequence in synchronously beating rat primary cardiomyocytes
was accomplished. We further showed restoration of full-
length dystrophin protein synthesis in gastrocnemius muscles
of the mdx DMD mouse model in vivo. Finally, in proof-of-
concept experiments with human cervical carcinoma cells, we
have demonstrated that dual hcAd/AAV hybrid vectors can be
used, together with the AAV Rep78 and Rep68 proteins, to
target foreign genetic information into the AAVS1 locus.

MATERIALS AND METHODS

Recombinant DNA. Recombinant DNA techniques were performed by using
established methods (41) or according to the instructions supplied with specific
reagents. All hc vector DNA templates were inserted in a pBR322-derived
cloning vector. First, plasmid pBR-HD-RE1.d5 was made. This shuttle construct
contains nucleotides 1 through 454 of the human Ad serotype 5 (Ad5) genome.
This 454-bp region encompasses the left ITR plus packaging signal and was PCR
amplified by using the primer set and DNA template presented elsewhere (15).
These Ad cis-acting sequences are followed by the AAV serotype 2 (AAV2) region
from nucleotide positions 153 through 300, which encompass the p5IEE and p5
promoter. This 147-bp sequence was obtained through PCR amplification by using
pBR.RepCap.TAA-Not as a template and PR127 (5�-CCATCGATTGGAGTCG
TGACGTGAATTACGTCATAGGGTTAGGGAGGTCCTGTATT AGAGGTC
ACG-3�) and PR128 (5�-CCACTAGTCCCGCTTCAAAATGGAGACC-3�) as
primers. Plasmid pBR.RepCap.TAA-Not contains residues 191 through 4492 of the
wild-type AAV2 genome but has the ATG codon at position 321 replaced by the
stop codon TAA. Downstream of the p5 sequence lies the Ad5 region from nucle-
otide position 35533 through 35938. This 405-bp 3�-terminal noncoding sequence
includes the right Ad5 ITR region and was PCR amplified by using template
pWE/AflII-rITR.pac.Rfib5 (26), together with the primers PR25 (5�-GCCACTGC
AGCCTTACCAGTAAAAAAGAAAAC-3�) and PR26 (5�-ACCTGGGCCCATC
ATCAATAATATACCTTA). The PCR amplifications of the Ad and AAV cis-
acting elements were performed with Platinum Taq DNA Polymerase High Fidelity
(Invitrogen), and the absence of mutations in the PCR-amplified sequences was
confirmed by DNA sequencing. Next, plasmid pBR/NC-RE1.d5 was derived from
pBR/HD-RE1.d5 by substituting the 405-bp 3�-terminal Ad5 sequence with a DNA
fragment containing the 145-bp AAV2 ITR. The latter DNA was derived from
pAAV/AdTR�.5 (15). Subsequently, a fragment consisting of the human elongation
factor 1� (EF1�) gene promoter from pEFO (a gift of L.-M. Houdebine [48]), a
polylinker and the rabbit �-globin gene pA from pCAGGS (kindly provided by J.-i.
Miyazaki [35]) was cloned between the p5IEE and the 3� Ad ITR in pBR/HD-
RE1.d5 and between the p5IEE and the AAV ITR in pBR/NC-RE1.d5. These
maneuvers gave rise to constructs pBR/HD-RE1.EF and pBR/NC-RE1.EF, respec-
tively. Next, the EGFP-dystrophin ORF was purified from pDysE (a gift from J.
Tremblay [6]) and inserted into the polylinker of both pBR/HD-RE1.EF and pBR/
NC-RE1.EF, yielding pAd.eDYS and pAd/AAV.eDYS, respectively. The shuttle
plasmids pAd.DsRed and pAd/AAV.DsRed were derived from pAd.eDYS and
pAd/AAV.eDYS, respectively, by substituting the enhanced green fluorescent pro-
tein (EGFP)-coding portion of the EGFP-dystrophin DNA with a fragment contain-
ing a red fluorescent protein (DsRed) ORF and the simian virus 40 (SV40) pA. The
latter fragment was obtained from pDsRed.T4-N1 (made available by B. Glick [3]).
Finally, plasmids pAd.EGFP and pAd/AAV.EGFP were derived from pAd.eDYS
and pAd/AAV.eDYS, respectively, by substituting the EGFP coding portion of the
EGFP-dystrophin DNA with a fragment containing the EGFP ORF and the human
growth hormone gene pA. The EGFP ORF came from plasmid pEGFP (Clontech),
whereas the human growth hormone pA was obtained from construct pEFO. The
construct pKS.P5.Rep contains the AAV2 rep under the control of its endogenous
promoters and hence codes for the Rep78, Rep68, Rep52, and Rep40 proteins.
Plasmid pGAPDH.Rep78/68 directs the synthesis of Rep78 and Rep68 only, be-
cause of the introduction at AAV2 genome position 993 of the triplet GGG in place
of the Rep52 and Rep40 initiation codon. The human glyceraldehyde 3-phosphate
dehydrogenase gene promoter was obtained from plasmid pGAP489CAT (a gift
from S. Yanagisawa [1]). Complete nucleotide sequences of all constructs are avail-
able upon request.

Cells. Growth conditions for the human cervical carcinoma (HeLa) cells
(American Type Culture Collection) and the Ad5 early region 1 (E1)- and
bacteriophage P1 cre-expressing PER.tTA.Cre76 cells have been previously de-
scribed (16). Cultures of spontaneously contracting neonatal rat cardiomyocytes
were kindly provided by A. van der Laarse. Procedures for the establishment and
maintenance of these cultures are described elsewhere (52). All cells were kept
in a humidified air–10% CO2 atmosphere at 37°C.

First-generation Ad vectors. The generation, purification, and titration of the
Ad vectors Ad.floxed� and Ad.�E1.EGFP with E1 deleted have been detailed
elsewhere (16, 17).

Packaging assay for hc vector DNA encoding the red fluorescent protein. Four
million PER.tTA.Cre76 cells in Dulbecco modified Eagle medium (DMEM;
Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen) and 10
mM MgCl2 were seeded in wells of six-well plates (Greiner). Subsequently,
semiconfluent monolayers were transfected in triplicate with 2.5 �g of pAd/
AAV.DsRed alone or with 2.5 �g of pAd/AAV.DsRed and 0.5 �g of the AAV
rep expression plasmid pKS.P5.Rep. Positive control samples consisted of PER.
tTA.Cre76 cells transfected with 2.5 �g of the conventional hcAd vector shuttle
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plasmid pAd.DsRed alone or together with 0.5 �g of pKS.P5.Rep. Prior to
transfection, pAd/AAV.DsRed and pAd.DsRed were digested with MssI (Fer-
mentas), followed by restriction enzyme heat inactivation for 15 min at 65°C.
Before addition to the cells, the plasmids were diluted in DMEM to a final
volume of 100 �l. Next, the DNA solutions were mixed with 100 �l of a cationic
liposome suspension consisting of 10 �l of Lipofectamine (Invitrogen) and 90 �l
of DMEM. The DNA-liposome complexes were allowed to form at room tem-
perature for 30 min. In the mean time, the monolayers were rinsed with 1 ml of
DMEM. Subsequently, the DNA-liposome complexes were diluted in DMEM to
a final volume of 1 ml and added to the washed cells. After a 3-h incubation
period at 37°C, 1 ml of DMEM supplemented with 20% FBS and 20 mM MgCl2
was added to the culture wells. After overnight incubation, the transfection
medium was replaced by fresh DMEM containing 10% FBS, 10 mM MgCl2, and
Ad.floxed� at a multiplicity of infection (MOI) of 3 infectious units (IU)/cell.
After incubation for 5 h at 37°C, the inoculum was removed, and 3.5 ml of
DMEM supplemented with 10% FBS plus 10 mM MgCl2 was added to the cells.
Upon detection of complete cytopathic effect (CPE), ca. 72 h postinfection (p.i.),
the cells were harvested and subject to three cycles of freezing (liquid nitrogen
bath) and thawing (37°C water bath). Next, the cellular debris was pelleted by
centrifugation at 208 � g for 10 min, and the resulting supernatants were clarified
by filtration through 0.45-�m-pore-size Millex-HA filters (Millipore). DsRed
gene transfer efficiencies were determined by flow cytometric analyses as follows.
HeLa cells were seeded at a density of 105 cells per well in 24-well plates
(Greiner). After overnight incubation, the confluent cell layers received 500 �l of
fivefold serially diluted clarified lysates. Two days later, the cells were analyzed
for DsRed expression by using a FACSort flow cytometer (Becton Dickinson). In
all instances, 10,000 events were acquired and stored in list mode files and
analyzed by using CellQuest software (Becton Dickinson Immunocytometry Sys-
tems). Gene transfer activities were calculated from the linear range of the
dose-response curves. Mock-infected HeLa cells were used to determine back-
ground signal intensities.

Assembly, propagation, and quantification of dual hcAd/AAV hybrid vectors
encoding the EGFP-dystrophin fusion protein. Dual hcAd/AAV.eDYS particles
were amplified by serial propagation on PER.tTA.Cre76 cells. The initial rescue
and assembly (rescue/assembly) steps (designated P0) were performed with
MssI-linearized pAd/AAV.eDYS by the same method as for the DsRed-encod-
ing hc vectors. Next, one-tenth of the primary dual hcAd/AAV.eDYS stock was
mixed with fresh culture medium and added to 5.0 � 106 newly seeded PER.
tTA.Cre76 cells in wells of six-well plates together with Ad.floxed� at an MOI
of 2 IU/cell. After incubation for 5 to 6 h, the inoculum was replaced by 3.5 ml
of DMEM supplemented with 10% FBS and 10 mM MgCl2. The producer cells
were harvested after detection of CPE (normally 3 to 4 days p.i.). The afore-
mentioned procedure was repeated during subsequent passages with 7.0 � 106

PER.tTA.Cre76 cells in 25-cm2 flasks (Greiner) for passage P2, 2.2 � 107 PER.
tTA.Cre76 cells in 75-cm2 flasks (Greiner) for passage P3, and 8.7 � 107 PER.
tTA.Cre76 cells in 175-cm2 flasks (Greiner) for passage P4. For each round of
propagation, one-tenth of clarified lysate from the previous passage was used.

Purified stocks of hybrid vector particles were prepared from clarified lysates
of ca. 2.6 � 108 PER.tTA.Cre76 cells in 12 75-cm2 flasks at the third round of
propagation (P3). The purification scheme consisted of CsCl buoyant-density
ultracentrifugation followed by three ultrafiltration cycles using Amicon-Ultra
centrifugal filters (Millipore) to exchange the CsCl solution for phosphate-buff-
ered saline (PBS) containing 7% glycerol. Prior to ultracentrifugation, the clar-
ified producer cell lysates were incubated with DNase I (Roche) at 25 �g/ml for
30 min at 37°C. Vector stocks were divided in 50-�l aliquots that were snap-
frozen in liquid nitrogen and stored at 	80°C.

The concentrations of functional dual hcAd/AAV.eDYS particles in purified
hybrid vector stocks were determined by endpoint titrations on HeLa cells using
flow cytometry and on Ad.floxed�-infected PER.tTA.Cre76 cells by using flow
cytometry and direct fluorescence microscopy. A total of 105 HeLa cells were
seeded in wells of 24-well plates. After overnight incubation, the confluent cell
layers received 500 �l of fivefold serial dilutions of dual hcAd/AAV.eDYS hybrid
vector stocks. Two days later, the cells were analyzed for EGFP-dystrophin
expression with a FACSort flow cytometer as described above. A total of 5 � 105

PER.tTA.Cre76 cells were seeded in duplicate in wells of 24-well plates. After
overnight incubation, the confluent cell layers received Ad.floxed� at an MOI of
2 IU/cell, together with fivefold serial dilutions of hybrid vector stocks. After a
4-h incubation at 37°C, the plates were subjected to centrifugation for 20 min at
1,500 � g, after which the inocula were replaced with fresh culture medium. The
cells in one plate were incubated for 20 h prior to flow cytometry analyses.
PER.tTA.Cre76 cells infected with Adfloxed� only, were used to determine the
background signal intensities. The cell layers in the other plate were covered with
a 3.0-ml agarose overlay prepared by mixing 9.0 ml of phenol red-free 2�

minimal essential medium (Invitrogen), 0.36 ml of FBS, 0.18 ml of 1 M MgCl2,
1.3 ml of PBS, and 7.2 ml of 2.5% (wt/vol) SeaPlaque agarose (FMC). Gene
transfer activities in the latter plate were determined at 20 and 120 h p.i. by
counting EGFP-dystrophin-positive cells and foci, respectively, with the aid of an
Olympus IX51 inverse fluorescence microscope.

Extrachromosomal DNA extraction. The purification of extrachromosomal
DNA was performed as previously described (15).

Extraction of dual hcAd/AAV hybrid vector DNA. Aliquots of a purified hybrid
vector stock were treated with DNase I at a final concentration of 0.3 �g/�l for
30 min at 37°C in the presence of 10 mM MgCl2. Subsequently, the nuclease was
inactivated by addition of EDTA (pH 8.0), sodium dodecyl sulfate, and protein-
ase K (Roche) to final concentrations of 10 mM, 0.5%, and 0.1 �g/�l, respec-
tively. The samples were then incubated at 56°C for 1 h and extracted twice with
a mixture of Tris-buffered phenol, chloroform, and isoamyl alcohol (25:24:1) and
once with chloroform. The hybrid vector DNA was recovered by ethanol pre-
cipitation.

Southern blot analysis. After agarose gel electrophoresis, DNA was trans-
ferred by capillary action to a nylon membrane (Hybond-XL; Amersham Bio-
sciences). All DNA probes were labeled with [�-32P]dCTP (Amersham Bio-
sciences) by using the HexaLabel DNA labeling system (Fermentas).

Transduction of neonatal rat cardiomyocytes and immunofluorescence mi-
croscopy. Approximately 2 � 105 neonatal rat heart cells seeded on glass cov-
erslips in wells of six-well plates were transduced either with dual hcAd/
AAV.eDYS or with Ad.�E1.EGFP vectors at MOIs of 103 focus-forming units
(FFU)/cell and 102 IU/cell, respectively. Ad.�E1.EGFP is a first-generation
Ad5-based vector containing in place of E1 the EGFP ORF under the transcrip-
tional control of the human cytomegalovirus immediate-early promoter and the
SV40 pA (17). Negative control samples consisted of mock-transduced cells.
Dual hcAd/AAV.eDYS hybrid vector particles were also used to transduce HeLa
cells at an MOI of 2 � 102 FFU/cell. After overnight incubation, the cardiomy-
ocyte cultures were washed twice with PBS and replenished with fresh medium.
At 2 days p.i. the transduced and mock-transduced cultures were washed twice
with PBS for 5 min. The cells were fixed with 4% (vol/vol) paraformaldehyde in
PBS for 15 min at room temperature. The fixative was removed by four 5-min
washes with 10 mM glycine in PBS (PBSG). Next, the cells were permeabilized
by a 5-min treatment with 1% (vol/vol) Triton X-100 in PBS at room tempera-
ture. The detergent was removed by three 5-min washes with PBSG. Subse-
quently, a blocking step was performed by incubating the cells for 1 h with PBSG
containing 5% FBS. A monoclonal antibody (MAb) directed against the cardiac-
specific marker cardiac troponin-I (cTNI; HyTest) was diluted 1:100 in PBSG
with 5% FBS. After overnight incubation at 4°C, the cells were rinsed three times
with PBS and stained with a Cy3-conjugated donkey anti-mouse immunoglobulin
G (IgG) (H�L) antibody (Jackson Immunoresearch Laboratories) diluted 1:100
in PBSG containing 5% FBS. After a 45-min incubation at 4°C, excess secondary
antibody was removed by four washes with PBS. Cell nuclei were stained with
Hoechst 33342 (Molecular Probes) at a final concentration of 10 �g/ml in PBS.
The cells were incubated for 5 min in the dark at 4°C and, subsequently, the
Hoechst 33342 solution was removed by four washes with PBS. The specimens
were laid on a drop of Vectashield (Vector Laboratories) on a glass slide and
examined by using an Olympus IX51 inverse fluorescence microscope. Digital
images were acquired by using a ColorView II Peltier-cooled charge-coupled
device color camera and analySIS software (Soft Imaging System). Images were
merged in Adobe Photoshop version 5.0.

Skeletal muscle immunohistochemistry. Dual hcAd/AAV.eDYS hybrid vector
particles (2 � 108 FFU) in 100 �l of PBS containing 7% glycerol) were injected
with a 30-gauge needle into the left gastrocnemius muscle of 6-week-old C57BL/
10ScSn-Dmdmdx/J mice. Gastrocnemius muscles of C57BL/10ScSn and C57BL/
10ScSn-Dmdmdx/J mice were injected with 100 �l of PBS with 7% glycerol and
used as positive and negative controls for the immunohistochemical staining
procedure, respectively. Experimentation with animals was executed in compli-
ance with a study protocol approved by the animal ethics committee of the
Leiden University Medical Center. Whole gastrocnemius muscles were collected
at 6 days postinjection and snap-frozen in liquid nitrogen. Serial transverse
cryostat sections with a thickness of 10 �m and spanning the entire length of the
muscle were obtained every 30 �m. The sections were allowed to dry overnight
at 37°C. After rehydration, the sections were immersed in methanol containing
0.035% H2O2 for 20 min and subsequently rinsed with PBS. The sections were
incubated for 45 min in PBS supplemented with 4% bovine serum albumin
(BSA) to prevent nonspecific staining. Human dystrophin was detected by im-
munohistochemistry using the mouse MAb NCL-DYS2 (Novocastra) directed
against the C terminus of the protein. This MAb of the IgG1 isotype (a gift of I.
Ginjaar) was diluted 1:40 in PBS containing 1% BSA and labeled with 20-fold-
diluted horseradish peroxidase (HRPO)-conjugated Fab fragments by using a
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Zenon HRPO mouse IgG1 labeling kit (Molecular Probes). Next, the antibody
mixture was added to the specimens without further dilution, followed by incu-
bation for 60 min at room temperature. After a washing step, the sections were
fixed with 4% formaldehyde in PBS for 30 min and again rinsed with PBS. The
antibody complexes were visualized by incubation of the sections in 20 mM
sodium acetate (pH 5.2) containing 5% dimethylformamide, 400 �g of 3-amino-
9-ethylcarbazole (Sigma)/ml, and 0.02% H2O2. Rinsing the specimens with water
stopped the enzymatic reaction. Subsequently, the sections were counterstained
with hematoxylin-eosin and mounted in Aquamount (BDH) for light microscopic
evaluation. Negative controls consisted of tissue sections that underwent the
entire staining procedure but were incubated with HRPO-conjugated Fab frag-
ments diluted 40-fold in PBS containing 1% BSA instead of HRPO-labeled
NCL-DYS2.

Site-specific DNA integration assay. A total of 8 � 104 HeLa cells were seeded
in wells of 24-well plates. After overnight incubation, the cells were transfected
with 0.5 �g of either pKS.P5.Rep, pGAPDH.Rep78/68, or pEFO.DsRed.T4 by
using 2.4 �l of ExGen500 (Fermentas) according to the instructions of the
manufacturer. Cells transfected with the latter construct served both as a rep-
negative control and as a control for the DNA transfection procedure. Trans-
fected HeLa cells were transduced with dual hcAd/AAV.eDYS hybrid vector
particles at three different MOIs (i.e., 18, 90, and 450 FFU/cell). After a 2-h
incubation the cells were washed with PBS and, at 3 days p.i., were harvested and
genomic DNA was extracted as described previously (17). Samples containing
240 ng of chromosomal DNA were subjected to PCR with the AAVS1-specific
primer pAAVS1b (24), together with primer Beta.R1 (5�-GCCAGATTTTTCC
TCCTCTCC-3�) targeting the rabbit �-globin gene pA present in the dual hcAd/
AAV chimeric genome. Each primer was used at a final concentration of 0.2 �M.
PCR mixtures containing 2% (vol/vol) deionized formamide, 200 �M de-
oxynucleoside triphosphates, and 2.5 U SuperTaq DNA polymerase (HT Bio-
technology) were placed in an UNO-thermoblock (Biometra), and a touchdown
PCR program was initiated by a 3-min incubation at 94°C, followed by 20 cycles
of 94°C for 60 s, an annealing period of 60 s with the temperature decreasing by
0.5°C every cycle from 69 to 59°C, and a 2-min extension step at 72°C. When the
PCR program reached the lower annealing temperature of 59°C, 28 additional
cycles were carried out by using the above-mentioned cycling conditions except
for the use of a constant annealing temperature of 59°C. The reactions were
finished by a 10-min incubation at 72°C. Subsequently, 3 �l of each PCR sample
was subjected to a seminested PCR with the AAVS1-specific primer Cr2-AAVS1
(5�-ACAATGGCCAGGGCCAGGCAG-3�), together with oligodeoxyribo-
nucleotide Beta.R1. The same cycling conditions as described above were ap-
plied for the seminested PCR, after which, two 3-�l fractions of each reaction
mixture were subjected to agarose gel electrophoresis. Next, each set of resolved
DNA fragments was transferred through capillary action to Hybond-XL mem-
branes. One membrane was incubated with a 677-bp hybrid vector DNA-specific
probe, whereas the other membrane was exposed to a 353-bp AAVS1-specific
probe. The 677-bp probe includes the Ad ITR, the Ad packaging signal, and the
p5IEE and hybridizes with the 5� terminus of the hybrid vector DNA. The 353-bp
probe was obtained by PCR amplification of genomic DNA extracted from
PER.C6 cells (10) with the primers pr.s1.s2 (5�-CAGGTCCACCCTCTGCTG-
3�) and pr.s1.as (5�-GGCTCAACATCGGAAGAG-3�) using the aforemen-
tioned cycling conditions. Both probes were purified by using the QIAEX II gel
extraction kit (Qiagen). In parallel, the PCR products were purified from gel and
inserted into pCR4-TOPO (Invitrogen) by using the TOPO TA cloning system
(Invitrogen). The resulting recombinant plasmids were digested with EcoRI.
Subsequently, the digestion products corresponding to the pCR4-TOPO plasmid
backbone and to the amplified AAVS1-hybrid vector DNA junctions were re-
solved in duplicate by agarose gel electrophoresis. Afterwards, Southern blot
analyses with either the 677-bp hybrid vector DNA-specific probe or the 353-bp
AAVS1-specific probe were performed. Finally, the nucleotide sequences of
several cloned PCR fragments were determined as previously described (16) by
using primers T3 (5�-ATTAACCCTCACTAAAGGGA-3�) and T7 (5�-TAATA
CGACTCACTATAGGG-3�).

RESULTS

Packaging of dual hcAd/AAV hybrid vector DNA. The com-
plex involved in AAV DNA replication acts on AAV ITRs
flanking either wild-type AAV sequences or recombinant
DNA to generate unit-length, as well as double-length linear
duplex molecules termed monomeric and dimeric AAV repli-
cative forms, respectively. The dimeric structures arise when

AAV Rep78- or Rep68-dependent nicking at the terminal res-
olution site (trs) of the AAV ITR fails prior to the reinitiation
of DNA synthesis (23). We reasoned that we could exploit this
AAV ITR hairpin-dependent dimerization process and couple
it to the Ad DNA replication machinery to assemble in pro-
ducer cells Ad replicons with a tail-to-tail structure encoding
two copies of a transgene flanked by the AAV DNA integra-
tion-promoting elements p5IEE and ITR. Our hypothesis was
that the 5� Ad ITR would provide an origin of replication for
the Ad DNA polymerase complex, whereas the 3� AAV ITR
hairpin structure would cause this complex to turn around and
generate covalently bound double-stranded tail-to-tail dimers.
In addition, by judicious size selection of the input Ad/AAV
hybrid vector DNA, the dimerization process would assure the
generation of molecules greater than the 
28-kb lower ge-
nome size limit required for efficient Ad DNA packaging (37)
but smaller than the maximum size that fits in Ad capsids (2).

To this end, the shuttle plasmid pAd/AAV.DsRed was con-
structed (Fig. 1A). In this plasmid, the human DMD ORF and
a DsRed gene expression unit are framed by the Ad ITR and
packaging signal plus the aforementioned AAV elements (Fig.
1A). Plasmid pAd.DsRed, which codes for a regular hcAd
vector DNA, contains from the Ad genome exclusively both
termini, including the origins of replication (located within the
ITRs) and the packaging elements (Fig. 1A). This construct
was used as a positive control template in the rescue/assembly
experiments described below. Prior to transfection, pAd/
AAV.DsRed and pAd.DsRed were digested to completion
with MssI. MssI digestion releases the Ad ITRs from most of
the plasmid backbone turning them into much more efficient
substrates for the initiation of Ad DNA-dependent replication
than undigested templates (22). MssI-digested pAd.DsRed
and pAd/AAV.DsRed were transfected into the E1-comple-
menting PER.tTA.Cre76 cells (16) alone or together with an
AAV rep expression plasmid (pKS.P5.Rep). The Rep78 and
Rep68 proteins bind to the AAV ITRs and assist in the initi-
ation of replication of both wild-type and recombinant AAV
genomes by excising them from flanking covalently linked non-
viral DNA. Monitoring of DsRed-positive PER.tTA.Cre76
cells by fluorescence microscopy revealed comparable trans-
fection efficiencies in each of the experiments (not shown).
Next, Ad helper activities necessary for the amplification and
packaging of recombinant DNA templates were provided in
trans by infection with Ad.floxed�. Ad.floxed� is an E1-de-
leted Ad vector whose packaging signal is bracketed by a direct
repeat of bacteriophage P1 loxP sites. In PER.tTA.Cre76 cells
that constitutively express the P1 Cre recombinase, assembly of
Ad.floxed� particles is prevented to a great extent by Cre/loxP-
mediated excision of the Ad packaging elements (16). After
the emergence of CPE, producer cell cultures were harvested
and cleared lysates were used to infect HeLa indicator cells. At
2 days p.i. reporter gene transfer efficiencies were determined
through fluorescence-activated flow cytometry. The lysates
corresponding to cells transfected with pAd/AAV.DsRed and
pKS.P5.Rep showed the highest reporter gene transfer activity
(Fig. 1B). Samples derived from cells that received pAd.DsRed
and pKS.P5.Rep had 15.5% � 6.2% of the gene transfer ac-
tivity present in specimens from pAd/AAV.DsRed- and
pKS.P5.Rep-transfected cells. The lysates of cell cultures
transfected either with pAd.DsRed or pAd/AAV.DsRed alone
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displayed reporter gene transfer efficiencies of 21.2% � 1.1%
and 25.5% � 13.2%, respectively, of that achieved with sam-
ples derived from pAd/AAV.DsRed- and pKS.P5.Rep-trans-
fected cells. Negative control samples corresponding to trans-
fected cells that were not infected with Ad.floxed� did not
lead to reporter gene expression above background (not
shown). From these experiments, we conclude that it is possi-

ble to incorporate into Ad capsids Ad/AAV chimeric genomes
and that AAV Rep proteins, although not required, do en-
hance the rescue/assembly process.

Structure of dual hcAd/AAV hybrid vector replicative forms.
In the next set of experiments, we investigated the structural
organization of replicative hybrid vector DNA. To this end, we
constructed pAd/AAV.eDYS. This plasmid has exactly the
same arrangement of Ad and AAV cis-acting elements as
pAd/AAV.DsRed. However, instead of controlling DsRed
transcription, the EF1� gene promoter drives expression of a
recombinant gene encoding a fusion product of the EGFP and
the full-length human dystrophin proteins (Fig. 2A). Construct
pAd/AAV.eDYS was derived from pAd.eDYS (Fig. 2A), en-
coding a conventional hcAd vector genome, by substituting the
3� Ad-specific segment with an AAV ITR. Consequently, the
EGFP-dystrophin-encoding hcAd and hcAd/AAV genomes
differ from each other only at their 3� termini. The packaging
of EGFP-dystrophin-encoding hc vector DNA was initiated by
transfecting MssI-digested pAd/AAV.eDYS or MssI-digested
pAd.eDYS into PER.tTA.Cre76 cells. The producer cells were
subsequently infected with Ad.floxed�. After the development
of CPE, the cell cultures were harvested and newly seeded
PER.tTA.Cre76 producer cells were inoculated with one-tenth
of each cleared lysate. The Ad helper functions were again
provided in trans by Ad.floxed�. The negative control con-
sisted of newly seeded PER.tTA.Cre76 cells infected with
Ad.floxed� alone. After an incubation period of 48 h, extra-
chromosomal DNA was extracted from the cells, digested with
BamHI or EcoRV and subjected to Southern blot analyses
with two vector-specific DNA probes (Fig. 2A). Shuttle plas-
mid pAd/AAV.eDYS digested with the same restriction en-
zymes provided positive control templates for DNA probe
hybridizations. Digestion with BamHI generated fragments of
0.7, 8.6, and 10.6 kb (Fig. 2B, lane 1), whereas EcoRV treat-
ment yielded products of 1.9, 2.4, 6.9, and 8.6 kb (Fig. 2B, lane
2) after incubation with a mixture of both probes. All of these
fragments are predicted from the restriction map of non-MssI-
digested, circular, pAd/AAV.eDYS. Both BamHI- and EcoRV-
treated extrachromosomal DNA from PER.tTA.Cre76 cells in-
fected with Ad.floxed� alone did not produce any hybridization
signal confirming the specificity of both probes (not shown). Us-
ing the same combination of probes, extrachromosomal DNA
from two independent rescue/assembly and propagation experi-
ments started with MssI-treated pAd.eDYS yielded products of
0.7, 2.7, 4.5, and 8.6 kb when digested with BamHI (Fig. 2B, lanes
3 and 5) and of 1.9, 2.4, 4.8, and 6.9 kb after digestion with EcoRV
(Fig. 2B, lanes 4 and 6). These results show a preponderance of
unit-length vector DNA replicative forms after one round of
propagation of hcAd.eDYS particles in permissive cells. Under
the same conditions, Southern blot analyses of extrachromosomal
DNA from three independent rescue/assembly and propagation
experiments with MssI-digested pAd/AAV.eDYS using probe
2832 alone or together with probe 6563 revealed the presence of
an additional EcoRV fragment of 9.0 kb (Fig. 2B, lanes 8, 10, 12,
and 16). These particular DNA species corresponds to replicative
DNA forms with a tandem tail-to-tail organization (Fig. 2C).
Treatment of extrachromosomal DNA with BamHI produced
8.6-kb internal dystrophin-coding segments that did not resolve
sufficiently from the expected 8.4-kb dimer-specific DNA frag-
ments (Fig. 2B, lanes 7, 9, and 11). We confirmed the presence of

FIG. 1. (A) Schematic representation of the hc vector shuttle con-
structs pAd.DsRed and pAd/AAV.DsRed. The structure of pAd/
AAV.DsRed differs from that of pAd.DsRed by the presence of an
AAV ITR in place of the 3� Ad ITR. Arrowhead, MssI recognition
site; open box, Ad ITR (Ad5 nucleotide positions 1 through 103); �,
Ad packaging signal-containing sequence (Ad5 genome positions 104
through 454); shaded circle, p5IEE sequence (AAV2 nucleotide posi-
tions 153 through 300); shaded triangle, �-globin gene pA; shaded bar,
stuffer DNA consisting of the human dystrophin-coding sequence;
solid triangle, SV40 pA; solid box, DsRed ORF; open box with arrow,
EF1� gene promoter; shaded oval, AAV ITR (AAV2 genome posi-
tions 1 through 145); shaded box, Ad5 nucleotide positions 35533
through 35835; amp, �-lactamase gene; ori, prokaryotic origin of rep-
lication. The numbers in parentheses correspond to the sizes (in kilo-
bases) of the hc vector DNA released from the plasmid backbones
after digestion with MssI. (B) Flow cytometric analyses on HeLa in-
dicator cells of the relative reporter gene transfer activities in cell
lysates derived from Ad.floxed.�-infected PER.tTA.Cre76 cells ini-
tially transfected either with MssI-treated pAd.DsRed or pAd/
AAV.DsRed alone or with MssI-digested pAd.DsRed or pAd/
AAV.DsRed together with pKS.P5.Rep (n � 3). The variation in the
number of DsRed-positive cells between samples derived from PER.
tTA.Cre76 cultures transfected with MssI-digested pAd/AAV.DsRed
and pKS.P5.Rep (fourth bar of the graph) was no more than 36%.
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FIG. 2. (A) Schematic representation of the hc vector shuttle constructs pAd.eDYS and pAd/AAV.eDYS. The structure of pAd/AAV.eDYS
differs from that of pAd.eDYS by the presence of an AAV ITR in place of the 3� Ad ITR. Large open arrow, human dystrophin-coding sequence
in frame with the EGFP ORF (solid box); solid bars, DNA probes 6563 and 2832 drawn in relation to their target DNA sequences. For an
explanation of the other symbols and abbreviations, see the legend for Fig. 1A. (B) Structural analysis of replicative DNA forms generated during
the first round of propagation on Ad.floxed�-infected PER.tTA.Cre76 cells of control (lanes 3 to 6) and hybrid (lanes 7 to 16) hc vector particles
derived from MssI-digested pAd.eDYS and MssI-treated pAd/AAV.eDYS, respectively. The extrachromosomal DNA molecules from three
independent rescue/assembly and propagation experiments (exp.1, exp.2, and exp.3) were digested either with BamHI (lanes 3, 5, 7, 9, 11, 13, and
15) or with EcoRV (lanes 4, 6, 8, 10, 12, 14, and 16). Control samples consisted of the shuttle plasmid pAd/AAV.eDYS digested either with BamHI
(lane 1) or with EcoRV (lane 2). Lanes M, GeneRuler DNA Ladder Mix molecular weight marker (Fermentas). After agarose gel electrophoresis,
the resolved DNA fragments were subjected to Southern blotting and DNA hybridizations by using probe 6563 (lanes 13 and 14), probe 2832 (lanes
15 and 16), or a mixture of these probes (lanes 1 through 12). (C) BamHI and EcoRV restriction maps of the monomeric hcAd.eDYS, monomeric
hcAd/AAV.eDYS and tail-to-tail dimeric hcAd/AAV.eDYS genomes. Probes 6563 and 2832 are drawn in relation to their target DNA sequences.
Numerals correspond to restriction DNA fragment sizes in kilobases.
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the dimer-specific 8.4-kb fragments by using probe 2832 alone
(Fig. 2B, lane 15), whereas, as expected, the 8.6-kb internal dys-
trophin DNA-specific segments were detected with probe 6563
(Fig. 2B, lane 13). Interestingly, although less prominent than
those corresponding to hcAd.eDYS monomeric replicative forms,
DNA fragments consistent with hybrid Ad/AAV.eDYS mono-
mers (Fig. 2C) were also detected (Fig. 2B, compare the 3� end-
specific fragments of 4.8 and 4.4 kb in lanes 3 through 6 with those
of 4.5 and 4.2 kb in lanes 7 through 12). This interpretation is
further supported by the detection of the 4.2 and 4.5 kb segments
after hybridizations with the 3�-end-specific probe 2832 but not
with probe 6563 (Fig. 2B, compare lanes 15 and 16 with lanes 13
and 14, respectively).

To determine whether intermolecular recombination via the
palindromic AAV ITRs contributes to the generation of the
tail-to-tail DNA structures, PER.tTA.Cre76 cells were trans-
fected with equal amounts of pAd/AAV.DsRed and pAd/
AAV.EGFP (Fig. 3A, left panel). Control experiments were
performed with equimolar mixtures of pAd.DsRed and
pAd.EGFP (Fig. 3A, right panel). All constructs were digested
with MssI prior to transfection. Direct fluorescence microscopy
at 
20 h posttransfection revealed that the large majority of
PER.tTA.Cre cells were positive for both marker proteins
demonstrating the simultaneous presence of DsRed- and
EGFP-encoding plasmids within these cells (Fig. 3B). After
infection with Ad.floxed� and development of CPE, the pro-
ducer cell cultures were harvested, and one-tenth of the result-
ing cleared lysates was added together with Ad.floxed� to
newly seeded PER.tTA.Cre76 cells. One day later, the cell
layers were screened for DsRed- and EGFP-labeled cells by
direct fluorescence microscopy (Fig. 3C). As shown above,
under the same experimental conditions, we observed tail-to-
tail dimers by using hcAd/AAV hybrid vector DNA-encoding
plasmids (Fig. 2B, lanes 8, 10, 12, 15, and 16), whereas in
control experiments with conventional hcAd vector shuttle
constructs monomers were the only structure detected (Fig.
2B, lanes 4 and 6). Hence, transfection of PER.tTA.Cre76 cells
with a mixture of MssI-digested pAd.DsRed and pAd.EGFP in
the presence of Ad.floxed� is not expected to originate hcAd
particles that can transfer both reporter genes (Fig. 3A, right
panel). AAV ITR-mediated intermolecular recombination be-
tween Ad/AAV chimeric genomes would, in addition to ho-
modimers expressing one of the two reporter genes, yield het-
erodimers encoding both DsRed and EGFP (Fig. 3A, left
panel). The results from three independent rescue/assembly
and propagation experiments revealed that DsRed- and
EGFP-positive cells were rare (Fig. 3C, left panel). Similar
results were obtained in the control experiments (Fig. 3C, right
panel), indicating that cells colabeled with DsRed and EGFP
are, most likely, the result of two independent transduction
events of a single cell instead of being caused by the transfer of
packaged heterodimers. Taken together, these data suggest
that heterodimerization through intermolecular recombina-
tion at the AAV ITRs does not play a significant role in the
assembly of the tail-to-tail hcAd/AAV chimeric genomes.

In conclusion, the combination of 5�Ad with 3�AAV ITRs in
the pAd/AAV shuttle constructs couples Ad DNA-dependent
replication to AAV ITR-dependent dimerization, leading to
the assembly, in producer cells, of dual hcAd/AAV chimeric
genomes with a tail-to-tail genomic organization. Thus, the

AAV ITR can be used by the heterologous Ad DNA replica-
tion machinery to generate dimeric Ad replicons with a defined
structure.

Propagation and quantification of dual hcAd/AAV hybrid
vector particles. Subsequently, we determined whether, after
assembly, dual hcAd/AAV.eDYS vector particles could be ef-
ficiently amplified by serial propagation. To this end, PER.
tTA.Cre76 cells were transfected with MssI-digested pAd/
AAV.eDYS, infected with Ad.floxed� and incubated until
CPE was observed. The cell cultures corresponding to this
initial rescue/assembly step (P0) were harvested, and one-tenth
of the cleared lysates was added to newly seeded
PER.tTA.Cre76 cells, together with Ad.floxed� at an MOI of
2 IU/cell (passage P1). This infection scheme was repeated in
subsequent passages (i.e., passages P2 through P4), except for
the use of increasing producer cell numbers. Due to the N-
terminal tagging of dystrophin with EGFP, the amplification of
dystrophin-coding vector particles could be readily monitored
in producer cells both via direct fluorescence microscopy (not
shown) and through flow cytometry (Fig. 4). The results from
three independent rescue/assembly and propagation experi-
ments initiated with MssI-treated pAd/AAV.eDYS revealed
the efficient amplification of dual hcAd/AAV.eDYS hybrid
vector particles with the percentage of EGFP-dystrophin-pos-
itive producer cells increasing from 3.3 � 0.46 at P1 to 92.0 �
1.26 at P4 (Fig. 4). Control rescue/assembly experiments with
undigested pAd/AAV.eDYS yielded very few PER.tTA.Cre76
EGFP-dystrophin-positive cells, indicating the necessity to re-
lease the Ad/AAV chimeric genomes from the covalently at-
tached prokaryotic DNA to achieve efficient generation of dual
hcAd/AAV hybrid vector particles. This finding is in accor-
dance with previous experiments with Ad mini-replicons (22).

Clarified cell lysates obtained after three rounds of vector
propagation were purified through CsCl ultracentrifugation.
Next, the functional titers of purified hybrid vector prepara-
tions were determined by two different methods. The first
method quantified the EGFP-dystrophin gene transfer activity
present in dual hcAd/AAV hybrid vector stocks by endpoint
titrations on HeLa indicator cells by using flow cytometry (Ta-
ble 1). The second procedure consisted of endpoint titrations
on PER.tTA.Cre76 cells rendered permissive for dual hcAd/
AAV hybrid vector DNA replication via helper Ad.floxed�
infection. This scheme compensates for the dim fluorescence
of the EGFP-dystrophin fusion protein by amplification of the
EGFP-dystrophin fluorescence signal in transduced indicator
cells. The replication-based assays were designed for higher
sensitivity and thus best approximate the number of EGFP-
dystrophin transducing particles in hybrid vector stocks. In
these titration experiments, gene transfer activities were quan-
tified by flow cytometry and by direct fluorescence microscopy
(Table 1).

In the direct fluorescence assay, the spread of the EGFP-
dystrophin signal via de novo-assembled vector particles was
prevented by an agar overlay. Under these conditions, the
EGFP-dystrophin-specific fluorescence was limited to individ-
ual indicator cells at 20 h p.i. (Fig. 5A). With the progression
of the replicative cycle, the EGFP-dystrophin-positive single
cells, as expected, developed into fluorescent foci detected by
direct fluorescence microscopy at 5 days p.i. (Fig. 5B). Quan-
tification of these foci revealed that their numbers were only

3152 GONÇALVES ET AL. J. VIROL.



DsRed
MssIMssI

amp
ori

Ψ

pAd/AAV.DsRed  

EGFP
MssIMssI

amp
ori

Ψ

pAd/AAV.EGFP 

+

Ψ

Ψ

Ψ

Ψ

Ψ Ψ

Ψ Ψ

DsRed
MssIMssI

amp
ori

Ψ

pAd.DsRed  
+

Ad.ITR 

MssIMssI

amp
ori

Ψ

pAd.EGFP

Ad.ITR 

EGFP

Ψ

Ψ

AAV.ITR 

AAV.ITR 

recombination

tail-to-tail homodimers

tail-to-tail heterodimers

monomers

Ad.floxedΨ Ad.floxedΨ 

PER.tTA.Cre76 PER.tTA.Cre76

G
re

en
 e

m
iss

io
n

Re
d 

em
iss

io
n

M
er

ge
d

1. Mss I digestion 
2. PER.tTA.Cre76 transfection
3. Ad.floxedΨ infection

FLUORESCENCE MICROSCOPY
G

re
en

 e
m

is
si

on
R

ed
 e

m
is

si
on

M
er

ge
d

HYBRID VECTORS (P0)

HYBRID VECTORS (P1)

A B

C

CONTROL VECTORS (P0)
 

CONTROL VECTORS (P1)

P0P0

P1
P1

HYBRID VECTORS CONTROL VECTORS
 

FIG. 3. (A) Experimental set up to test for AAV ITR-mediated intermolecular recombination. (B) Direct fluorescence microscopy analyses on
PER.tTA.Cre76 cells transfected either with pAd/AAV.DsRed and pAd/AAV.EGFP (hybrid vectors, P0) or with pAd.DsRed and pAd.EGFP
(control vectors, P0). All constructs were digested with MssI prior to transfection. Constructs pAd/AAV.EGFP and pAd.EGFP have exactly the
same genetic constitution as pAd/AAV.DsRed and pAd.DsRed, respectively, except that they contain an expression unit consisting of the EGFP
ORF, followed by the human growth hormone gene pA instead of the DsRed ORF linked to an SV40 transcriptional terminator. For a detailed
explanation of the genetic elements present in each of the depicted shuttle plasmids, see the legend of Fig. 1A. (C) Representative fluorescence
fields of three independent propagation experiments following the set up depicted in panel A on PER.tTA.Cre76 cells at 24 h p.i. Ad.floxed�-
infected PER.tTA.Cre76 cells received either one-tenth of a cleared cell lysate from pAd/AAV.DsRed- and pAd/AAV.EGFP-transfected and
Ad.floxed�-infected PER.tTA.Cre76 cells (hybrid vectors, P1) or one-tenth of a cleared cell lysate from pAd.DsRed- and pAd.EGFP-transfected
and Ad.floxed�-infected PER.tTA.Cre76 cells (control vectors, P1). Arrows indicate cells that are colabeled with EGFP and DsRed.
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slightly higher than those of the EGFP-dystrophin-positive sin-
gle cells, suggesting that this replication-based assay permits
accurate determination of gene transfer activities of dual
hcAd/AAV.eDYS hybrid vector stocks at 20 h p.i. The titers
obtained by direct fluorescence microscopy were on average
threefold lower than those measured at 20 h p.i. by fluores-
cence-activated flow cytometry of indicator cells that had not
been covered with agar (compare the values in the fourth
column with those in the third column). This difference cannot
be attributed to secondary hits since no evidence for spread of
the EGFP-dystrophin signal was observed by direct fluores-
cence microscopy after an incubation period of 20 h. Regard-
less of the titration assay used, one can conclude that dual
hcAd/AAV.eDYS hybrid vector particles are relatively easy to
produce and can be concentrated to high titers.

Structure of dual hcAd/AAV hybrid vector genomes. To in-
vestigate the structural organization of packaged Ad/AAV chi-
meric genomes, DNA was extracted from purified hybrid vec-

tor particles. Next, the recovered DNA was digested with
HincII, BamHI or EcoRV and subjected to Southern blot
analysis with a mixture of two vector-specific probes. The re-
sults shown in the autoradiogram of Fig. 6A are consistent
exclusively with a tandem tail-to-tail genomic organization for
packaged Ad/AAV hybrid vector DNA (Fig. 6B), demonstrat-
ing that the earlier identified tail-to-tail replicative forms (Fig.
2B, lanes 8, 10, 12, 15, and 16, and Fig. 2C) are packaging-
competent substrates. Importantly, no aberrant DNA forms or
any other genomic arrangements such as head-to-head or
head-to-tail dimers were identified. Interestingly, DNA frag-
ments corresponding to monomeric genomes, previously de-
tected in producer cells during the first round of propagation
of hybrid vector particles, were not packaged (compare Fig.
2B, lanes 7, 9, and 15, with Fig. 6A, lane B, and compare Fig.
2B, lanes 8, 10, and 16, with Fig. 6A, lane E).

Transfer of the human full-length dystrophin-coding se-
quence to primary rat cardiomyocytes in vitro by dual hcAd/
AAV.eDYS hybrid vectors. A total of 95% of DMD-affected
individuals develop heart muscle damage, and 10 to 15% of
them die due to cardiac failure (8). The hearts of these patients
are damaged by mechanical forces due to the absence of func-
tional dystrophin in cardiomyocytes (9). Heart muscle cells are
renowned for being refractory to most gene delivery protocols.
However, E1-deleted Ad vectors have been shown to trans-
duce primary cardiomyocytes in vitro, as well as in vivo (20).
Thus, we decided to test whether we could deliver the human
full-length DMD ORF into cardiac cells by dual hcAd/
AAV.eDYS hybrid vector transduction. To this end, an in vitro
model based on cultures of spontaneously contracting neonatal
rat cardiomyocytes was used. These cultures were either mock

FIG. 4. Serial propagation of dual hcAd/AAV hybrid vector parti-
cles on PER.tTA.Cre76 cells. Dual hcAd/AAV.eDYS hybrid vector
particles were generated in PER.tTA.Cre76 cells after transfection
of MssI-digested pAd/AAV.eDYS, followed by infection with
Ad.floxed�. Serial propagations (P1, P2, P3, and P4) of hybrid vector
particles were performed by inoculating PER.tTA.Cre76 producer
cells with one-tenth of clarified cell lysates from the previous passages
and Ad.floxed� at an MOI of 2 IU/cell. Amplifications of hybrid
vector particles encoding the EGFP-dystrophin protein (n � 3) were
monitored at 24 h p.i. by fluorescence-activated flow cytometry.

FIG. 5. Representative fluorescence fields of Ad.floxed�-infected
PER.tTA.Cre76 cells under an agarose overlay at 20 (A) and 120 (B) h
after addition of a 107-fold dilution of a purified dual hcAd/
AAV.eDYS hybrid vector stock. Arrows indicate isolated (A) and
clustered (B) EGFP-dystrophin-positive cells.

TABLE 1. Gene transfer activities of dual hcAd/AAV.eDYS hybrid
vector stocks as determined by flow cytometry (FC) on HeLa cells at

48 h p.i. and on Ad.floxed-infected PER.tTA.Cre76 cells at 20 h
p.i. and by direct fluorescence microscopy (DFM) on Ad.floxed-

infected PER.tTA.Cre76 cells under agarose layers at 20 and 120 h
p.i. (hpi)

Stock

Gene transfer activity as determined by:

FC DFM

HTUa/ml
at 48 hpi

FFU/ml at
20 hpi

FFU/ml at
20 hpi

FFU/ml at
120 hpi

1 5.5 � 107 3.0 � 109 8.8 � 108 1.3 � 109

2 2.3 � 107 1.4 � 109 5.4 � 108 0.6 � 109

a HTU, HeLa cell-transducing units.
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transduced or transduced with 103 FFU of dual hcAd/
AAV.eDYS hybrid vector/cell and, 2 days p.i., direct fluores-
cence microscopy and immunofluorescence microscopy were
used to detect the EGFP-dystrophin and cTNI proteins, re-
spectively. Primary rat cardiomyocyte cultures transduced with
an Ad vector with the E1 deleted and encoding EGFP served
as a control. Another control consisted of HeLa cells trans-
duced with dual hcAd/AAV.eDYS hybrid vector particles.
Vectors based on Ad5 transduce these human cells very well.
Bright-field and direct EGFP-dystrophin fluorescence showed
the presence of the fusion protein in �90% of the HeLa cells
(Fig. 7A and B) and in 70 to 80% of the heart cells (Fig. 7C and

D). The immunoreactivity of cells for the cardiac-specific
marker cTNI (Fig. 7F, H, J, L, and N) and their rhythmic
contraction, which continued after transduction (not shown),
confirmed that a significant fraction of the cells in these cul-
tures is indeed cardiomyocytes. Moreover, the characteristic
striated banding pattern of cTNI in cardiac muscle cells was
discerned (Fig. 7J). The detection of the EGFP-dystrophin
protein (Fig. 7E and G) in the large majority of cTNI-positive
cells (Fig. 7F and H) indicates efficient transduction of cardi-
omyocytes by dual hcAd/AAV.eDYS hybrid vector particles.
Finally, comparison of the intracellular distribution of EGFP
versus that of EGFP-dystrophin showed that, while the former
pervaded the entire cell, including the nucleus (Fig. 7K), the
latter was excluded from nuclei and was found associated with
the plasmalemma of cardiomyocytes (Fig. 7G and I). These
results are in agreement with the known intracellular localiza-
tion of the wild-type dystrophin protein and with data retrieved
from experiments with this EGFP-dystrophin gene in the con-
text of nonviral DNA transfections (6). Finally, mock-trans-
duced cells did not exhibit green fluorescence, showing that
this signal was specific for the presence of EGFP in vector-
transduced cells (Fig. 7M and N).

Transfer of the human full-length dystrophin-coding se-
quence to dystrophic mouse skeletal muscle in vivo by dual
hcAd/AAV.eDYS hybrid vectors. The underlying genetic cause
of the dystrophic phenotype of mdx mice lies in a premature
stop codon in exon 23 of dystrophin (47). With the exception of
rare so-called revertant muscle fibers, no dystrophin protein is
observed in muscle tissue of mdx mice. The skeletal muscle of
adult mdx mice displays certain histopathologic features char-
acteristic of DMD, such as heterogeneity in muscle fiber di-
ameter and a high prevalence of centrally located nuclei. These
attributes make mdx mice an attractive model system for eval-
uating procedures aimed at the rescue of dystrophin synthesis,
particularly at the histological level.

To investigate the in vivo efficacy of dual hcAd/AAV hybrid
vector-mediated gene delivery, we injected the gastrocnemius
muscles of three adult, 6-week-old, mdx mice with 2 � 108 FFU
of dual hcAd/AAV.eDYS hybrid vector. Negative controls
consisted of mdx gastrocnemius muscles sham injected with
buffer solution only, whereas dystrophin-positive gastrocne-
mius muscles from syngeneic wild-type mice were included as
positive controls. At 6 days postinjection, muscle sections from
each of the experimental groups were subjected to immuno-
histochemistry by using an MAb directed against the C-termi-
nal portion of the dystrophin protein. Immunohistochemical
analyses of positive control specimens derived from wild-type
mice exhibited sarcolemmal staining in uniformly sized muscle
fibers with peripheral nuclei (Fig. 8A), whereas those of sham-
injected muscles did not reveal dystrophin-positive fibers (Fig.
8B). The results obtained with the positive and negative con-
trol samples attest to the specificity of the immunohistochem-
ical assay for the dystrophin protein. Analyses of cross sections
derived from dual hcAd/AAV.eDYS hybrid vector-injected
mdx muscles revealed clear and widespread recombinant full-
length dystrophin expression (Fig. 8C to F). The dystrophin
protein localized properly to the sarcolemma of dystrophic
muscle fibers characterized, as mentioned above, by a broad
range of cross section sizes and central nucleation (Fig. 8C and
D). In addition to the strong labeling of the sarcolemma, some

FIG. 6. (A) Structural characterization of packaged dual hcAd/
AAV.eDYS hybrid vector DNA. Purified hybrid vector particles ob-
tained after three rounds of propagation on Ad.floxed�-infected
PER.tTA.Cre76 producer cells were subjected to DNase I treatment,
proteinase K digestion, and DNA purification. The purified DNA was
digested with HincII (H), BamHI (B) or EcoRV (E). After agarose gel
electrophoresis, the resolved DNA fragments were subjected to South-
ern blotting and DNA hybridizations with a mixture of probes 6563
and 2832. (B) HincII, BamHI, and EcoRV restriction maps of the
dimeric hcAd/AAV hybrid vector DNA with a tail-to-tail genomic
organization. Solid bars represent DNA probes 6563 and 2832 drawn
in relation to their target DNA sequences. Numerals correspond to
restriction DNA fragment sizes in kilobases.
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fibers also revealed detectable cytoplasmic staining indicative
of transgene overexpression (Fig. 8E). Taken together, these
experiments demonstrate the ability of dual hcAd/AAV.eDYS
hybrid vectors to efficiently deliver and express the full-length
human dystrophin-coding sequence in cardiomyocytes in vitro
as well as in adult dystrophic skeletal muscle in vivo.

Targeted DNA integration after dual hcAd/AAV hybrid vec-
tor-mediated gene delivery. Finally, we investigated whether
introduction of dual hcAd/AAV chimeric genomes into human
cells provided with the AAV Rep78 and Rep68 proteins could
lead to AAVS1-targeted DNA integration. To this end, HeLa
cells were transfected either with expression plasmid pGAP-
DH.Rep78/68 encoding AAV Rep78 and Rep68 or with ex-
pression plasmid pKS.P5.Rep coding for Rep78, Rep68,
Rep52, and Rep40. Control experiments consisted of mock-
transfected HeLa cells and of HeLa cells transfected with
plasmid pEFO.DsRed.T4 containing a DsRed ORF in place of
AAV rep. Next, the cells were transduced with dual hcAd/
AAV.eDYS hybrid vector particles at three different MOIs. At
3 days p.i., genomic DNA was extracted from these cells and a
PCR-based DNA integration assay was performed to detect
AAVS1-hybrid vector DNA junctions using two primer sets
(Fig. 9A). These primers anneal to the hybrid vector genome
and to the chromosome 19 region where AAV DNA insertions
have been mapped (30, 32, 43). PCR-amplified samples were
subjected to agarose gel electrophoresis and Southern blot
hybridizations with either a hybrid vector- or an AAVS1-spe-
cific probe (Fig. 9B, upper and lower panels, respectively). In
both instances, a collection of differently sized DNA fragments
migrating as a smear was observed in samples of AAV rep-
transfected and dual hcAd/AAV.eDYS-infected cells (Fig. 9B,
lanes 3 through 5, 7, and 8). Samples derived from HeLa cells
that were transduced with dual hcAd/AAV hybrid vector par-
ticles after being either mock- or pEFO.DsRed.T4-transfected
(Fig. 9B, lanes 1 and 2, respectively) did not yield hybridization
signals. These results demonstrate AAV Rep-dependent tar-
geted integration of hybrid vector DNA into AAVS1. AAV
DNA integration events are not site specific in a classic sense
since they do not take place at a single nucleotide position but
within a relatively long stretch of DNA. Consequently, AAVS1-
hybrid vector DNA junctions generated through the AAV
DNA integration process are usually present as single copies
within the population of AAVS1-targeted cells. Therefore, the

FIG. 7. Direct fluorescence microscopy and immunofluorescence
microscopy of rat primary cardiomyocyte cultures transduced with dual
hcAd/AAV.eDYS hybrid vector particles. (A and B) Bright-field
(A) and equivalent fluorescence field (B) images of HeLa cell cultures
transduced with dual hcAd/AAV.eDYS hybrid vector particles at an
MOI of 2 � 102 FFU/cell. (C and D) Bright-field (C) and equivalent
fluorescence field (D) images of rat primary cardiomyocyte cultures
transduced with dual hcAd/AAV.eDYS hybrid vector particles at an
MOI of 103 FFU/cell. (E, G, I, K, and M) Direct fluorescence micros-
copy of cardiomyocyte cultures mock-transduced (M) or transduced
either with 103 FFU/cell of dual hcAd/AAV.eDYS hybrid vector (E, G,
and I) or with 102 IU/cell of the control vector Ad.�E1.EGFP (K).

Nuclei were visualized through Hoechst 33342 staining (blue), and the
corresponding signal was merged with the EGFP-specific fluorescence
(green). The arrows in panels G and I indicate cells in which the
EGFP-dystrophin signal is excluded from the nucleus, whereas the
arrow in panel K points to a cell in which the nonfusion protein EGFP
has permeated the nuclei. The arrow in panel I indicates, in addition,
the localization of part of the EGFP-dystrophin staining to the plasma
membrane of the cardiomyocyte. (F, H, J, L, and N) cTNI immuno-
fluorescence microscopy and direct fluorescence microscopy of rat
heart cell cultures mock transduced (N) or transduced either with 103

FFU/cell of dual hcAd/AAV.eDYS hybrid vector (F, H, and J) or with
102 IU/cell of the control vector Ad.�E1.EGFP (L). Cardiomyocytes
were labeled with a Cy3-conjugated cTNI-specific MAb (red), and the
resultant staining pattern was merged with both the EGFP and
Hoechst 33342 signals. The arrow in panel J points to a region of a
cardiomyocyte with a striated distribution pattern of the cardiac-spe-
cific protein cTNI. All microscopic analyses were performed at 48 h p.i.
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observed smear most likely reflects the amplification of a mix-
ture of AAVS1-hybrid vector DNA junctions with various
lengths. To investigate this, the PCR products were cloned into
the cloning vector pCR4-TOPO. Recombinant plasmids from
randomly selected colonies were digested with EcoRI to re-
lease the inserts. Analyses by agarose gel electrophoresis
showed inserts with different sizes mirroring the diversity of
DNA fragment sizes observed in Fig. 9B (Fig. 9C, upper
panel). To further confirm the nature of these inserts as being
AAVS1-hybrid vector DNA junctions, the DNA samples were
transferred in duplicate to blotting membranes and incubated
separately with the probes depicted in Fig. 9A. After autora-
diography, both the hybrid vector- and the AAVS1-specific
probes recognized all clones analyzed (Fig. 9C, middle and
lower panels, respectively), corroborating that they represent
junctions between the AAV preintegration site on chromo-
some 19 and hybrid vector DNA. The inserts of clones L13,
H1, and H8 (Fig. 9C, middle panel) and 8 (Fig. 9C, lower

panel) were clearly detected upon extension of the exposure
time in the absence of any other hybridization signals (not
shown). Interestingly, for both probes the signal strengths var-
ied between different clones (Fig. 9C, middle and lower pan-
els). In addition, most clones reacted to a different extent with
the two probes (Fig. 9C, compare the middle and lower pan-
els). These results indicate the existence of clone-specific trun-
cations not only within the AAVS1 region but also within the
hybrid vector DNA affecting, to different extents, probe an-
nealing. Therefore, to study in fine detail the structure of the
AAVS1-hybrid vector DNA junctions, nucleotide sequence
analyses were performed on clones 3, 5, 7, L2, and H10. The
results summarized in Fig. 10A confirmed host chromosomal
DNA breakpoints scattered throughout the AAVS1 region
downstream of the trs and Rep-binding element (RBE; Fig.
10B). Moreover, the hybrid vector DNA was always broken
upstream of the RBE in the p5IEE sequence (Fig. 10C). These
data confirm that each insert has a specific sequence. More-

FIG. 8. Immunohistochemical staining of mdx skeletal muscles following direct injection of dual hcAd/AAV.eDYS hybrid vector particles.
Immunohistochemical staining with a MAb directed against the C terminus of the human dystrophin protein of gastrocnemius muscles from
wild-type (A) and sham-injected dystrophin-deficient mdx (B) mice and of mdx mice injected with 2 � 108 FFU of dual hcAd/AAV.eDYS hybrid
vector FFU (C, D, E, and F). The dashed line in panel C delimits an area of dystrophin-negative mdx myofibers. The arrows in panel E point to
myofibers with cytoplasmic staining.
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FIG. 9. Site-specific integration of foreign DNA into AAVS1 after gene transfer with dual hcAd/AAV.eDYS hybrid vectors. (A) Illustration of
the targeted DNA integration assay with the primers used (arrows) drawn in relation to their respective target DNA templates. The upper panel
shows a section of human chromosome 19 at 19q13.3-qter with AAVS1 sequences (dotted line). The beginning of this DNA region was set
arbitrarily at the first nucleotide position of the previously defined trs (32). Numeral 30 corresponds to the position of the last nucleotide of the
RBE. Vertical line and solid oval, trs and RBE, respectively, separated by a spacer sequence (sp); double-headed arrow, AAV DNA preintegration
region; open circle, BamHI recognition site located 1,248 nucleotides downstream of the trs-sp-RBE sequence. The lower panel is a schematic
representation of a targeted DNA integration event leading to an AAVS1-hybrid vector DNA junction. Shaded circle, AAV p5IEE; �, Ad
packaging signal-containing sequence; open box, Ad ITR; open bars, PCR products obtained with the primer combinations Beta.R1 (R1) plus
pAAVS1b (S1b) and Beta.R1 (R1) plus Cr2-AAVS1 (2S1); solid bar, hybrid vector-specific probe; shaded bar, AAVS1-specific probe. (B) Southern
blot hybridizations with hybrid vector- and AAVS1-specific probes (upper and lower panel, respectively) of PCR-amplified DNA obtained with the
set up depicted in panel A using genomic DNA extracted from HeLa cells that were either mock transfected (lanes 1) or transfected with
pEFO.DsRed.T4 (lanes 2), pGAPDH.Rep78/68 (lanes 3 through 5), or pKS.P5.Rep (lanes 7 and 8). Lanes 6 correspond to the GeneRuler DNA
Ladder Mix molecular weight marker. Three days before chromosomal DNA extraction, transfected and mock-transfected HeLa cells were
transduced with dual hcAd/AAV.eDYS hybrid vector particles at 18 (lanes 3 and 7), 90 (lanes 4) and 450 FFU/cell (lanes 1, 2, 5, and 8).
(C) Agarose gel electrophoreses (upper panel) and Southern blot hybridizations with hybrid vector- and AAVS1-specific probes (middle and lower
panel, respectively) of cloned PCR products obtained after amplification on genomic DNA extracted from HeLa cells that were transfected with
pGAPDH.Rep78/68 and subsequently transduced with dual hcAd/AAV.eDYS hybrid vectors at an MOI of 90 FFU/cell. Recombinant DNA
plasmids isolated from randomly selected colonies were, prior to agarose gel electrophoresis, digested with EcoRI to release the inserts from the
plasmid backbones.
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over, the analyzed junctions did not contain sequences other
than those of the hybrid vector genome and AAVS1. Finally,
the intensities of the Southern blot hybridization signals are
consistent with the DNA sequence data. For instance, the
inserts of clones 3 and 7, which display the weakest hybridiza-
tion signals with the vector- and chromosome 19-specific
probes, respectively, have the shortest sequence overlap with
these probes. Altogether, these experiments demonstrate the
ability of dual hcAd/AAV hybrid vectors to target foreign
DNA into the AAVS1 locus on human chromosome 19 pro-

vided that the Rep78 and Rep68 proteins are available within
transduced cells.

DISCUSSION

hcAd vectors achieve efficient transfer of the full-length
DMD cDNA in vitro and in vivo (19, 27, 31) and, due to the
lack of Ad protein-coding sequences, are noticeably less im-
munogenic than Ad vectors with one (i.e., first-generation) or
more (i.e., second-generation) early regions deleted (28).

FIG. 10. (A) Junctions between dual hcAd/AAV.eDYS hybrid vector DNA and human chromosome 19. Hybrid vector DNA is boxed and
AAVS1 sequences are shaded. (B) Breakpoints within AAVS1 after hybrid vector gene transfer into AAV pKS.P5.Rep-transfected cells. Open
boxes, trs and RBE; vertical lines, location of breakpoints (brk.); horizontal lines, binding sites of the primers used to PCR amplify the
AAVS1-specific probe. (C) Breakpoints within dual hcAd/AAV.eDYS chimeric genomes after dual hcAd/AAV.eDYS hybrid vector gene transfer
into AAV pKS.P5.Rep-transfected cells. Open box, Ad ITR sequence; horizontal line, Ad packaging signal-containing sequence; shaded nucle-
otides, AAV p5IEE; shaded box, RBE.
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Nonetheless, if large amounts of Ad capsids are used in vivo,
they can still trigger an acute inflammatory reaction (5, 49).
Therefore, increasing the number of therapeutic gene copies
delivered within each Ad capsid will allow the use of lower
vector doses to attain a certain transgene expression level. In
addition, conventional hcAd vectors are not suited for the
permanent genetic correction of proliferating cell populations
because the delivered DNA normally remains episomal. In the
present study, a new gene transfer system that builds on the
attractive features of hcAd vectors is presented. These dual
hcAd/AAV hybrid vectors carry dimeric genomes and can sta-
bly transduce target cells by DNA integration into a predefined
site within the human DNA.

Here, we have shown that the Ad DNA replication machin-
ery can be coupled to the AAV ITR-mediated dimerization
process to assemble defined Ad DNA replicons in helper Ad
vector-infected E1-complementing producer cells. By applying
this principle we produced hybrid vector particles encoding
two full-length human dystrophin-coding sequences. We pos-
tulate two pathways for the initial rescue and replication of
dual hcAd/AAV hybrid vectors (Fig. 11). After transfection of
MssI-digested Ad/AAV hybrid vector shuttle plasmids into
PER.tTA.Cre76 cells, the producer cells are infected with the
E1-deleted helper Ad vector Ad.floxed�. In pathway I, the
AAV ITRs are resolved into covalently closed hairpins by the
AAV Rep78 and Rep68 proteins or, alternatively, by cellular
activities that act on their Holliday-like secondary structure
(53, 55). This structure can be formed at the AAV ITR due to
its multipalindromic nature. Interestingly, higher packaging
levels of Ad/AAV chimeric genomes into Ad capsids were
observed in the presence of AAV Rep proteins most likely as
a result of the enhanced resolution of the AAV ITRs from the
covalently attached prokaryotic DNA by the AAV Rep cata-
lytic activities. These data are in accordance with previous
DNA resolution experiments with AAV ITR-containing plas-
mid substrates in the presence or absence of AAV rep expres-
sion (55). The Ad DNA replication initiation complex recog-
nizes the Ad ITR located close to the other end of the
molecules. Subsequently, strand displacement and DNA poly-
merization that advances through the covalently closed AAV
ITR hairpin structures, follow. These processes generate DNA
structures containing at both ends Ad origins of replication
and packaging elements, which makes them efficient substrates
for Ad DNA-dependent replication and packaging, respec-
tively. Pathway II develops from DNA substrates not resolved
through the AAV ITRs and entails the complete strand dis-
placement of parental templates by the Ad DNA replication
machinery. For simplicity, the duplex daughter molecules pro-
duced during this process are not drawn. The resulting single-
stranded DNA molecules contain AAV ITRs with unpaired
tails at their 3� ends. The removal of these tails by 3� exonucle-
ases generates hairpins with free 3� hydroxyl groups. These
structures constitute ideal primers for DNA polymerization.
After elongation, duplex 5� Ad ITRs with functional Ad DNA
origins of replication are regenerated. Next, Ad DNA depen-
dent-reinitiation, followed by DNA polymerization through
the AAV ITR hairpin, leads once again to DNA molecules
containing at both ends Ad origins of replication and Ad pack-
aging elements. These structures can be further amplified and
packaged into Ad capsids. The two pathways described above

are not mutually exclusive and, in accordance with the exper-
imental data, converge into a single product type (i.e., tail-to-
tail dimers).

After assembly, dual hcAd/AAV.eDYS hybrid vector parti-
cles could be amplified to high titers through serial propaga-
tion on Ad.floxed�-infected PER.tTA.Cre76 producer cells.
The structural analyses of DNA extracted from dual hcAd/
AAV.eDYS hybrid vector particles confirmed packaging of
tail-to-tail tandem genomes. Although monomers were not
detected within vector particles, they were present in the ex-
trachromosomal DNA fraction of producer cells after one
round of propagation. Moreover, they were also found in pro-

FIG. 11. Diagram for the rescue and replication of dual hcAd/AAV
hybrid vectors (see the text for details).
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ducer cells during second passages (not shown). These data
suggest that a fraction of the dual hcAd/AAV chimeric ge-
nomes is resolved into monomers possibly due to cellular ac-
tivities acting on the Holliday-like cruciform structures that
can be formed at the centrally localized AAV ITRs (55). More-
over, the absence of monomers from the packaged DNA pool
may be related to the preferential encapsidation of dimeric
genomes whose length is above the lower genome size limit
reported to be necessary for efficient Ad DNA packaging (37).

Fluorescence microscopy data from experiments with the
recombinant human dystrophin tagged at the N terminus with
EGFP, together with the immunohistochemistry results ob-
tained with a dystrophin C terminus-specific MAb, showed
efficient transfer of the recombinant DMD gene into muscle
cells in vitro and in vivo and synthesis of the full-length dys-
trophin protein in these cells. Although this protein localized
properly to the sarcolemma of dystrophic mdx muscle fibers,
the redistribution of myofiber nuclei to the periphery of the
syncytia was not observed. This result is likely attributable to
the fact that the gene transfer procedure took place at adult-
hood (13) and to the long time span required for this phenom-
enon to happen.

Previous results have pointed to the involvement of the
DNA sequence that overlaps with the p5 promoter in AAV
DNA targeted integration because of the high frequency of
breakpoints observed within or in the vicinity of this region in
addition to the breakpoints that were found inside the AAV
ITRs (14, 43, 50). More recently, the direct involvement of this
DNA sequence in the high-level site-specific integration of
foreign DNA was demonstrated in the context of transfection
experiments carried out with circular plasmid molecules (38,
39). The p5IEE is absent from standard recombinant AAV
vectors, which contain from the parental virus genome exclu-
sively the AAV ITRs. Introduction of the p5IEE sequence into
recombinant AAV vectors, to restore high-level site-specific
DNA integration, will further reduce their already limited cod-
ing capacity. In the present study, we provided evidence that
the efficient Ad capsid-mediated gene transfer process can be
utilized to introduce into the nuclei of target cells large DNA
segments reminiscent of AAV proviral genomes, and we
showed that these structures are substrates for AAVS1-tar-
geted DNA integration in the presence of AAV Rep proteins.
Nucleotide sequence analyses of AAVS1-hybrid vector DNA
junctions revealed that the breakpoints occurred upstream of
the RBE in p5IEE leaving behind the complete Ad ITR and
some or all of the Ad packaging elements. This feature is
important for two reasons. First, it suggests that disruption of
therapeutic and/or transgenic DNA sequences does not hap-
pen frequently and, second, it indicates that the integrated
genetic information will not be prone to mobilization after
infection of stably transduced cells with a complementing wild-
type Ad (40).

Cell- and gene-based approaches to DMD therapy are cur-
rently under intense investigation. The former entail the iso-
lation and allogeneic transplantation of progenitor or stem
cells with myogenic potential, whereas the latter aim directly at
complementing the faulty DMD gene through transfer of a
functional dystrophin-coding sequence. A third route for the
management of DMD would be to combine these two ap-
proaches to enable genetic correction and autologous trans-

plantation of the cell type(s) that turn out to have the highest
regenerative capacity of the most life-threatening dystrophic
muscles. At present, however, there is no gene delivery system
that permits the stable transduction of the full-length DMD
cDNA into proliferating dystrophin-defective myogenic cells.

Dual hcAd/AAV hybrid vectors may become a gene transfer
system of choice to bridge the gap between gene- and cell-
based approaches for the treatment of DMD, provided that an
efficient method to transiently express AAV Rep activities in
target cells is developed (e.g., via protein transfer technologies,
through incorporation of a conditionally regulated AAV rep
expression unit into the nonintegrating portion of the hybrid
vector DNA or via delivery of AAV rep by a second vector
particle). The short-term presence of AAV rep gene products
aims at achieving site-specific integration of foreign DNA
while minimizing the potential deleterious effects of these pro-
teins (e.g., cell cycle arrest).
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Houdebine (Unité de Différenciation Cellulaire, Institut National de la
Recherche Agronomique, Jouy en Josas, France), Benjamin Glick
(Department of Molecular Genetics and Cell Biology, The University
of Chicago, Chicago, Ill.), and Jun-ichi Miyazaki (Division of Stem Cell
Regulation Research, Osaka University Medical School, Osaka, Ja-
pan) for plasmids pDysE, pGAP489CAT, pEFO, pDsRed.T4-N1, and
pCAGGS, respectively. We also thank Lizet van der Valk-Kokshoorn
and Arnoud van der Laarse (Department of Cardiology, Leiden Uni-
versity Medical Center, Leiden, The Netherlands) for making available
cultures of primary rat cardiomyocytes and Ieke Ginjaar (Department
of Human and Clinical Genetics, Leiden University Medical Center,
Leiden, The Netherlands) for the NCL-DYS2 antibody.
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Coyau, C. Chéreau, J. Attal, B. Weill, and L.-M. Houdebine. 1999. Associ-
ation of the 5�HS4 sequence of the chicken �-globin locus control region
with human EF1� gene promoter induces ubiquitous and high expression of
human CD55 and CD59 cDNAs in transgenic rabbits. Transgenic Res.
8:223–235.

49. Thomas, C. E., G. Schiedner, S. Kochanek, M. G. Castro, and P. R. Lowen-
stein. 2001. Preexisting anti-adenoviral immunity is not a barrier to efficient
and stable transduction of the brain, mediated by novel high-capacity ade-
novirus vectors. Hum. Gene Ther. 12:839–846.

50. Tsunoda, H., T. Hayakawa, N. Sakuragawa, and H. Koyama. 2000. Site-
specific integration of adeno-associated virus-based plasmid vectors in lipo-
fected HeLa cells. Virology 268:391–401.

51. Umaña, P., C. A. Gerdes, D. Stone, J. R. E. Davis, D. Ward, M. G. Castro,
and P. R. Lowenstein. 2001. Efficient FLPe recombinase enables scalable
production of helper-dependent adenoviral vectors with negligible helper-
virus contamination. Nat. Biotechnol. 19:582–585.

52. van der Wees, C. G. C., M. P. G. Vreeswijk, M. Perssoon, A. van der Laarse,
A. A. van Zeeland, and L. H. F. Mullenders. 2003. Deficient global genome
repair of UV-induced cyclobutane pyrimidine dimers in terminally differen-
tiated myocytes and proliferating fibroblasts from the rat heart. DNA Repair
2:1297–1308.

53. Ward, P., and K. I. Berns. 1991. In vitro rescue of an integrated hybrid
adeno-associated virus/simian virus 40 genome. J. Mol. Biol. 218:791–804.
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